This contribution investigates the impact of the deployment of tidal stream turbine arrays on 12 sediment dynamics and seabed morphology in the Pentland Firth, Scotland. The Pentland Firth is 13 arguably the premier tidal stream site in the world and engineering developments are progressing 14 rapidly. Therefore understanding and minimising impacts is vital to ensure the successful 15 development of this nascent industry. Here a 3 dimensional coupled hydrodynamic and sediment 16 transport numerical model is used to investigate the impact on sediment transport and 17 morphodynamics of tidal stream arrays. The aim of the work presented here is twofold: firstly to 18 provide prediction of the changes caused by multiple tidal stream turbine array developments to 19 some of the sandy seabed environments in the Pentland Firth and secondly as a case study to 20 determine the relationship between impacts of individual tidal stream farms and cumulative impacts 21 of multiple farms. Due to connectivity in tidal flow it has been hypothesized that the cumulative 22 impact of multiple arrays on sediment dynamics might be non-linear. This work suggests that, for the 23 Pentland Firth, this is not the case: the cumulative impact of the 4 currently proposed arrays in the 24 area is equal to the sum of the impacts of the individual arrays. Additionally, array implementation 25 only has minimal effect on the baseline morphodynamics of the large sandbanks in the region, 26 smaller more local sandbanks were not considered. These two results are extremely positive for tidal 27 stream developers in the region since it removes the burden of assessing cumulative impact from 28 individual developers and suggests that impacts to sub-sea morphodynamics is insignificant and 29 hence is unlikely to be an impediment to development in the Pentland Firth with the currently 30 proposed levels of extraction. 31 32
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Introduction 36
Tidal stream turbines, have great potential to provide predictable renewable energy and much 37 academic effort has focussed on their design, implementation and impacts [1] . Tidal stream turbines 38 can only be deployed in specific resource areas where tidal current velocities exceed a certain device 39 dependant level, typically these are in areas constrained by channels, islands or headlands [2] [3] [4] [5] . 40 Implementation of turbine arrays is likely to lead to areas of reduced tidal current due to energy 41 extraction and also accelerated tidal flows in other areas due to blockage effects [6] [7] [8] . If mobile  42 sediment is present, this might lead to changes in the sediment transport regime and also to the 43 morphology of sandy areas. Relatively little academic interest has focussed on the impacts to 44 sediment transport compared to other areas such as hydrodynamics [7, 9] for energy to be extracted at a specific level in the water column which allows for more realistic 64 representation of the hydrodynamic impacts which will force changes to sediment transport. 65
The analysis presented here uses DHI's MIKE3 FM suite, a 3D coupled hydrodynamic and sediment 66 transport model to investigate the impact of multiple tidal current turbine arrays on the sub-tidal 67 morphodynamics of the Pentland Firth, Scotland (Figures 1 and 2 ). This area has several tidal stream 68 arrays in development (Table 2 and Figure 2 ) and is considered to be one of the best resource areas 69 in the world. It is described in more detail in section 2. sub-bottom profiling to determine mobile sediment layer thickness would be required. This is 148 unavailable in the model domain and hence inference from other data was required. De-trended 149 high resolution bathymetry was used to provide a textural surface which can be used to infer seabed 150 type given that point sampling was too spatially sparse. Where multibeam echosounder data was 151 available, it was interpolated onto a regular grid with 3m spacing, otherwise a 20m gridded 152 bathymetry supplied by the crown estate was used [28] . The multibeam datasets used were the 153 Pentland Firth coverage collected by Marine Scotland Science, coverage of the Sandy Riddle 154 collected by the British Geological Survey and data collected by UKHO. A smoothed bathymetry 155 surface was produced by applying a moving window average to the gridded data and this surface 156 used to de-trend the gridded bathymetry and produce a textural surface ( Figure 3 ). Different 157 sediment types are clearly observable in this surface, with sand areas indicated by very smooth 158 surfaces or rippled surfaces whereas bedrock areas are indicated by an irregular, creviced surface. 159
This methodology was ground-truthed using available data from Marine Scotland Science video 160 trawls in the region (figure 4).Therefore the spatial extent and distribution of sand patches could be 161 manually defined in a GIS package ( Figure 3 ). More sophisticated automatic classification techniques 162 have been suggested [29, 30] , however these require access to backscatter data as well as 163 bathymetry which was not available in this instance. 164
Sediment size distribution 165
Two data sources were available for sediment size, the British Geological Survey's seabed samples 166 and the Marine Scotland (MS) database of benthic video trawls which included a seabed descriptor. 167
The BGS data had two levels of accuracy: some had a phi class-weight 'medium sand' a grain size of 0.415mm was assigned to that location. While clearly these two latter 173 methods are less accurate than measured grain size, it is believed that having a better spatial 174 coverage far outweighed this lack of accuracy. Sediment size was then interpolated between these 175 points before the previously established sand areas were used as a mask to remove bedrock areas. 176 Figure 5 shows a map of the study area with interpolated grain size and the location of the all four arrays at peak flood and ebb currents (Figure 7 ). It should be noted that in this paper the 235 nautical nomenclature will be used such that flood denotes the portion of the tidal cycle progressing 236 from low tide to high tide and ebb denotes the portion of the tidal cycle progressing from high tide 237 to low. While there are some differences noticeable in the array near field, there are minimal 238 changes in mean current speed difference over the mobile sediment areas considered in this work: 239 for the sand wave area the difference in change between the two domains is 0. was used (Figure 8 ), but the model was run in 3D mode with 10 sigma levels in order to get 248 boundary conditions for the local mesh. The only alteration to the set up was the use of roughness 249 length instead of Mannings number (M) for the bed resistance. The difference was due to 250 differences in model options for 2 and 3 dimensional set-ups. The roughness length (k s ) was 251 calculated from the Manning's numbers in the original set-up using: 252
Boundary conditions were taken from DHI's global tide model and water levels to be used as 254 boundary conditions for the PF model extracted from the larger TCE/ABPmer model (shown as black 255 lines in figure 9 ). 256
For the sand transport model the morphological boundary conditions were set to zero sediment flux 257 gradient and the sediment transport to equilibrium conditions. 258 259
Model validation 260
Only the hydrodynamic model could be validated due to the scarcity of sediment data or repeated 261 morphology surveys in the Pentland Firth. The hydrodynamic model was validated against three 262 moored ADCPs deployments in the centre of the Pentland Firth ( Figure 1 ) from September-October 263
2001. RDI Workhorse Sentinal 300kHz ADCPs were used, suspended above the seabed with 100kg 264 lift low drag sub surface buoys. It has been reported by the data providers that the ADCPs suffered 265 from 'knock-down' at times of peak current speed and while this was corrected for there might be 266 some errors at these times. Figure 9 shows a comparison between measured and modelled depth 267 averaged current speeds for all three sites over temporal subsets covering spring and neap periods. 268
It can be seen that in general the agreement between measurement and model is good. 
Turbine implementation 278
Arrays are represented as groups of individually specified turbines (location, hub height, turbine 279 diameter and drag co-efficient). The in-built tool for the specification of tidal turbines in MIKE 3 is 280 used in this study to implement the turbines as sub-grid structures -grid spacing was such that each 281 turbine occupied a single horizontal cell with only one turbine per cell. The turbines are 282 implemented as a momentum sink based on actuator disk theory [48] . The sink is evenly distributed 283 between the vertical layers covered by the turbine swept area [48] . MIKE3 is a 'black box' 284 commercial code and therefore the exact specifics of the turbine implementation are not 285 obtainable, readers interested in actuator disk theory are directed to [49] [50] [51] [52] [53] [54] Importantly to this 286 study, close similarities between far-field actuator disk wakes and far-field wakes from rotating 287 horizontal axis turbines has been reported [49] , this means the approach is suitable for examination 288 of far-field impacts on sediment dynamics. 289
There are options within MIKE3 to either include the turbines as a constant drag co-efficient or with 290 a variable lift and drag co-efficient. In this study the simpler approach of specifying a constant drag 291 co-efficient was used. The drag force (F D ) is calculated by: 292
Where ρ w is the density of water, α is a correction factor, C D is the drag co-efficient, A e is the 294 effective area of the turbine and V is the velocity. 295
The velocity V is taken as the average of the velocity over the portion of the water column occupied 296 by the turbine. In this study turbine diameter was taken as 20m and the hub height as 17m. A 297 constant drag co-efficient of 0.6 was used. Sensitivity tests were conducted for C D between 0.3 and 298 0.9 but differences to depth averaged current speeds were less than 0.03ms -1 in the two areas of 299 mobile sediment considered. 300
Array spacing between turbines for three of the sites were taken to be 2.5D laterally and 10D 301 longitudinally based on information about the Ness of Duncansby site [55] , where D is the turbine 302 diameter. Layout for the Meyen site was based on an indicative layout provided in their 303 environmental statement [16] and hence an approximation of this layout was used in the study. The 304 four array layouts used in this study are shown in figure 10 . 305 306
Results 307
In this section, results of the modelling exercise will be presented. Firstly results showing the 308 sediment transport over the PF area with and without farms will be presented and secondly results 309 considering cumulative impacts will be presented. Hydrodynamic results are not considered in 310 detail, apart from for the section on cumulative impacts, given the body of work dealing explicitly 311 with hydrodynamics of the Pentland Firth, which is being extended within another work package of 312 the Terawatt project. For descriptive purposes figure 11 shows peak flood and ebb current speeds 313 and directions for a spring tide. The primary flow feature is the current jet between the island of 314 Stroma and the Orkney mainland. This jet is directed South East on the flood and West on the ebb. 315
Attention will largely be focused on the two large areas of mobile sediment in the Pentland Firth: 316 Sandy Riddle and the sand wave field to the west of Stroma. Figure 12 shows the bed level change 317 over the entire model run time for the region without turbine installations. It can be seen that the 318 largest and most defined changes are observed in these two areas, with little change elsewhere due 319 to the presence of large amount of bedrock. This plot shows the validity of focusing the analysis on 320 these two locations for the remainder of the results. 321 322
Sediment transport under natural conditions 323
Figure 13 shows the rate of bed level change (m/day) for peak flood and ebb currents on a spring 324 tide. Vectors show the corresponding direction of total load transport. Figure 14 shows the same 325 plot for neap tides. It can be seen that the majority of change occurs over spring tides. On neap tides 326 rate of bed level change is largely under 0.1m/day compared with changes approaching 1m/day on 327 spring tides. On neap tides it is only over the sand wave area on a flood tide where larger rates of 328 change (0.3m/day) occur. 329
On spring tides, during flood tide there is erosion on the western flank of the tip of Sandy Riddle and 330 accretion on the eastern flank. On the ebb tide the reverse occurs. At both stages of tide there is 331 some erosion of the crest. Magnitude of rate of change is similar for both flood and ebb which 332
suggests that the bank is remains in the same position. On neap tides there is slight erosion along 333 the crest of the bank for both the flood and ebb tide but this change is small. 334
Over the sand wave region, erosion occurs on the western half and accretion on the eastern half for 335 flood tides and the reverse on ebb tides. Magnitude of change is greater on the flood tide for both 336 spring and neap tides. This means that there is a net transport from west to east over the tested 337 lunar month. 338
The resulting changes to sea bed level over the lunar month between 13/09/2001 and 11/10/2001 339 (two spring-neap cycles) is shown in Figure 15 . Changes are greater in magnitude over the sand 340 wave region compared to the Sandy Riddle: maximum change in the sand wave area is 3.8m 341 compared to a maximum change of 2.9m on the Sandy Riddle. On the Sandy Riddle there is erosion 342 of the crest on the tip and accretion on the flanks. For the sand wave area there is accretion to the 343 east and erosion to the west. 344 345
The impact of installing tidal stream arrays on sediment transport 346
Installation of the four arrays of turbines impacts the sediment transport and morphological changes 347 at both the Sandy Riddle and sand wave areas. 348 Figure 16 shows the bed level change over the tested lunar month with all four farms activated for 349 the two areas of interest and the difference between the cases with and without turbine arrays 350 given in Figure 11 . Patterns of bed level change are very similar to the case with no farms present 351 (Figure 15 ), however over the Sandy Riddle the magnitude of change is slightly less whilst over the 352 sand wave field changes are generally less apart from a small area of increased change on the 353 northern edge. These changes are all less than 0.2m, which is small compared to the bed level 354 changes over the tested lunar month. Over the entire domain the root mean square difference 355 (RMSD) is 0.0596m, for the sand wave area the RMSD is 0.1778m and for the Sandy Riddle the RMSD 356 is 0.0313m. 357 358
Consideration of cumulative impacts 359
One question that is of key importance in areas such as the Pentland Firth is the linearity of 360 cumulative impacts caused by multiple farms. This is tested here by comparing the sum of impacts 361 caused by each individual farm with the impact of all four farms together. Figure 17 shows the 362 difference in change to depth averaged current speed for the case when all four farms are modelled 363 together compared to the sum of the farms modelled individually for peak flood and ebb current 364 speeds on a spring tidal cycle. It can be seen that there is little (of order 0.01ms
) difference in 365 predicted impact whether the different arrays are modelled individually or all in one model. 366
However on the ebb tide there are differences over the sand wave region and on the flood tide 367 there is marginal differences over the crest of Sandy Riddle. Since these differences are 368 instantaneous, it is plausible that over a long time period there might be implications for the 369 sediment transport and sub-tidal morphology. It should also be noted that differences are 370 concentrated around the Meygen inner sound and Ness of Duncansby arrays which are in much 371
closer proximity than the two on the northern edge of the Pentland Firth. 372
In order to consider the difference between modelled cumulative impact and summed individual 373 impacts for sediment transport, plots (figure 18) are presented of the difference in total bed level 374 change over a lunar month for the two cases for both the Sandy Riddle area and the sand waves 375 west of Stroma. It can be seen that the difference is minimal, being less than 2cm, and that for the 376 Sandy Riddle there is no pattern to this difference. For the sand wave case, the summation of the 377 individual impacts gives slightly greater change over the centre of the bank and lesser change 378 around the flanks. This difference is about 1/10 th of the difference between the natural and turbine 379 case and this it is not considered significant. The RMSD between the two cases is 0.0032m for the 380 sandwave area and 0.0025m for the Sandy Riddle. 381 382
Discussion 383
This study has used a 3D numerical model of the Pentland Firth to develop understanding of the 384 morphodynamics of the region and the potential impact of tidal stream energy extraction on subsea 385 morphology. Accurate modelling of the hydrodynamics was achieved via calibration and validation of 386 the model against measured data. It has been shown that the model performs well against three 387 ADCP records (section 4.4). Some discrepancy at peak currents was noted; however it is believed 388 that this is, at least in part, due to equipment errors caused by knock down of the floating mounting 389 platform under peak flows and other measurement errors. It should be noted that calibration of the 390 morphodynamic model is not possible to due to lack of necessary data in the geographic area 391 concerned. Calibration and verification of morphological models in scenarios such as this would rely 392 on two possibilities: comparison with measured sediment transport rates at a certain points and 393 comparison against observed morphological changes over a specified area or set of profiles or 394 transects. The study suggests that cumulative impacts of multiple arrays are additive at the currently proposed 485 levels of deployment. Should extraction levels increase such that blockage levels become larger this 486 may well change. The results do show that the closest two farms do have some interaction in terms 487 of hydrodynamic impact so if distance between farms were to be reduced; levels of non-linearity 488 might increase. 489 490
Conclusions 491
The four tidal stream turbine arrays currently proposed in the Pentland Firth are modelled using a 492 3D numerical model and the impacts to morphodynamics compared to the modelled natural 493 condition. Two primary areas of mobile sediment are considered: the Sandy Riddle and a sand wave 494 field to the west of Stroma. Differences in bed level change between the turbine and natural case 495 over the modelled lunar month are less than 0.2m with all four farms activated. The root mean 496 square difference between the natural and energy extraction case was 0.18m over the sand wave 497 area and 0.03m over the Sandy Riddle. Compared to actual bed level changes of up to 5m it is 498 believed that this is insignificant. Consideration was given to the linearity of impact from multiple 499 arrays: it was found that differences between the impacts of all four arrays modelled at once and the 500 sum of impact of farms modelled individually was around 2cm, root mean square differences were 501 0.03m for the sand wave area and 0.02m for the Sandy Riddle. This suggests that cumulative impacts 502 of the four existing sites in the Pentland Firth will accumulate linearly for the currently proposed 503 extraction levels. Both these results are very positive for the development of tidal stream energy 504 extraction in the Pentland Firth. However it should be noted that if the scale of extraction was 505 increased substantially from the currently proposed levels towards the upper limit of potential 506 extraction, greater impacts would be observed and non-linearities in cumulative impact might be 507 noted. 508 
